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During  this  contract  period  our  major  effort  has  been  the  construction 
of  a  first-of-its-kind  ultrashort-pulse  laser  system.  We  are  building  this 
system  for  two  purposes:  (1)  The  generation  of  short  pulse  incoherent  x-rays, 
and  (2)  for  experiments  on  new  types  of  extreme  ultraviolet  lasers.  The 
system  has  been  constructed  primarily  under  the  direction  of 
Prof.  Christopher  Barty.  Although  it  has  taken  somewhat  longer  than 
planned,  we  have  attained  the  complete  specifications  which  were  sought:  An 
energy  of  135  mJ,  a  pulselength  of  35  fs,  and  near  diffraction  limited  beam 
quality  with  a  10  Hz  repetition  rate.  This  is  the  first  such  system  ever  made 
which  produces  sub-50-fs  pulses  with  terawatt  peak  power.  It  is  one  of  the 
brightest  laser  sources  in  existence,  regardless  of  pulse  duration  or  energy.  It 
is  also  the  first  system  to  control  femtosecond-time-scale  phase  and 
amplitude  distortions  during  terawatt  level  amplification. 


'NCQHERENT  X-RAY  GENERATION 


The  first  application  of  this  laser  source  will  be  in  time-gated  x-ray 
imaging.  The  key  idea  is  to  overcome  x-ray  scattering.  Scattered  x-ray 
photons  which  reach  the  detector  decrease  the  contrast  and  increase  the  noise 
of  the  image.  Typically,  for  every  photon  traversing  20  cm  of  human  tissue 
with  2  cm  of  bone  density  material  in  the  path,  there  will  be  seven  scattering 
events.  Our  plan  is  to  use  the  x-rays  from  our  laser-driven  source,  together 
with  a  time-gated  detector,  to  overcome  the  effects  of  the  scattered  photons. 
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If  one  uses  a  detector  which  may  be  turned  off  rapidly  after  the  airival  of  the 
ballistic  photons,  then  the  scattered  photons  may  be  removed  from  the  image. 
Calculations  show  that  it  should  be  possible  to  obtain  a  reduction  of  x-ray 
dosage  of  7.7. 


Intense  femtosecond-time-scale  pulses  may  allow  the  construction  of 
unusually  simple  and,  possibly,  practical  extreme  ultraviolet  lasers.  In 
recent  work  we  have  calculated  and  suggested  the  use  of  photoionization  to 
prepare  a  target  species  and  to  produce  hot  electrons  which  inelastically 
excite  the  target  species.  A  laser  at  10 W/cm^  should  strip  the  outer  shell  of 
the  target  species  by  tunneling  ionization  and  should  produce  electrons  with 
sufficient  energy  to  collisionally  excite  the  upper  laser  level.  Theory  predicts 
that  electrons  which  are  produced  via  tunneling  ionization  with  circularly 
polarized  light  will  retain  a  kinetic  energy  equal  to  the  instantaneous  quiver 
energy  which  corresponds  to  the  instantaneous  electric  field  at  the  time  at 
which  the  electron  is  ionized.  We  have  recently  modeled  three  systems: 
Xe  IX,  Ar  IX,  and  Kr  IX.  These  systems  should  lase  at  41  nm,  48  nm,  and 
32  nm,  respectively.  After  the  completion  of  this  contract  period  the 
experiments  referred  to  above  were  performed  and  the  first  operation  of  this 
laser  has  been  demonstrated. 

Portions  of  the  work  reported  here  were  jointly  supported  by  the  Air 
Force  Office  of  Scientific  Research,  the  Army  Research  Office,  and  the  Office 
of  Naval  Research. 
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Volume  66,  Number  20 


PHYSICAL  REVIEW  LETTERS 


20  May  1991 


Obserration  of  Electromagneticaliy  Induced  Transparency 

K.-J.  Boiler,  A.  Imamoglu,  and  S.  E.  Harris 
Edward  L.  Cimton  Laboratory,  Stanford  University.  Stanford.  California  94305 
(Received  12  December  1990) 

We  report  the  first  demonstration  of  a  technique  by  which  an  optically  thick  medium  may  be  rendered 
transparent.  The  transparency  results  from  a  destructive  interference  of  two  dressed  states  which  are 
created  by  applying  a  temporally  smooth  coupling  laser  between  a  bound  state  of  an  atom  and  the  upper 
state  of  the  transition  which  is  to  be  made  transparent.  The  transmittance  of  an  autoionizing  (ultravio¬ 
let)  transition  in  Sr  is  changed  from  exp(  —  20)  without  a  coupling  laser  present  to  exp(  —  I )  in  the  pres¬ 
ence  of  a  coupling  laser. 
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a  reprint  from  Journal  of  the  Optical  Society  of  America  B 
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Prepulsing  of  laser-produced  plasmas  for  more  efticient 
pumping  of  extreme-ultraviolet  lasers 


M.  H.  Sher  and  S.  Benerofe 

Edward  L.  Ginztan  Laboratory.  Stanford  University.  Stanford.  California  94305 


Received  {anuary  29,  1990 

Wb  have  used  a  low-energy  prepulae  to  enhance  the  aoft-z-ray  emiaaion  of  laaer-produced  plaamaa  in  a  parame¬ 
ter  range  that  haa  been  uaed  to  pump  photoionization  laam.  We  have  prepulsed  a  laW-produced-plaama- 
pumped  Xe  m  109-nm  laser,  which  was  pumped  with  an  SO-pa  1064-nm  pulse,  and  we  observ^  a  greater  thiin 
tenfdd  increase  in  output. 
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Volume  68.  Number  io 


PHYSICAL  REVIEW  LETTERS 


9  March  1992 


MeV  X-Ray  Generatioo  with  a  Femtosecond  Laser 

J.  D.  Kmetec,  C.  L.  Gordon,  III,  J.  J.  Macklin,  B.  E.  Lemoff,  G.  S.  Brown,^'**  and  S.  E.  Harris 
E.  L  Ginzton  Laboratory.  Stanford  Utuetrsity,  Stanford.  California  94305 
(Received  17  December  1991) 

A  O.S'TW,  120-rs  Ti:sapphire  laser,  when  focused  to  greater  than  I0‘^  W/cm^  onto  a  solid  target, 
creates  a  plasma  which  emits  radiation  that  extends  beyond  I  MeV.  The  x-ray  yield  increases  as  the  i 
power  of  the  incident  laser  energy,  reaching  0.3%  energy  conversion  to  radiation  above  20  keV  at  40  mJ 
of  laser  energy  on  target.  An  x-ray  spectral  distribution  of  I/E  fits  the  data  for  most  of  the  radiation, 
falling  faster  at  higher  photon  energies. 
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ELECTROMAGNETICALLY  INDUCED  TRANSPARENCY  IN  SR  VAPOR 


K.-  J.  Boiler.  A.  Imamogiu,  and  S.  E.  Hams 
Edward  L  Ginzton  Laboratory 
Stanford  University 
Stanford.  CA  9430S  -  4090 


Abatract 

W«  report  the  first  demopatretion  of  e  technique  by  which  en 
optically  thick  medium  may  be  rendered  transparent.  The 
transparency  results  from  a  destructive  interference  of  two  dressed 
states  which  are  created  by  applying  a  temporally  smooth  coupling 
laser  between  a  bound  state  of  an  atom  and  the  upper  state  of  the 
transition  which  is  to  be  made  transparent.  The  transmittance  of  an 
autoionizing  lultraviolet)  transition  in  Sr  Is  Increased  from  expC-'20> 
without  a  coupling  laser  present  to  expl'^l)  in  the  presence  of 
a  coupling  laser. 
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PHYSICAL  REVIEW  A  VOLUME  46.  NUMBER  7  I  OCTOBER  1992 

Studies  of  a  96.9<iub  laser  in  neutral  cesium 

C.  P.  J.  Bany,  G.  Y.  Yin,  J.  E.  Field,  D.  A.  King,  K.  H.  Hahn.  J.  F.  Young,  and  S.  E.  Harris 
Edward  L.  Ginzton  Laboratory,  Startfbrd  University,  Stanford,  California  9430S 
(Received  4  May  1992) 

Investigations  of  a  96.9-nm  laser  in  neutral  cesium  are  described.  Theoretical  and  experimental  evi¬ 
dence  is  presented  for  the  laser  level  designation  and  pumping  mechanism.  Measurements  of  the  laser 
output  are  given,  including  saturated  pulse  energy,  temporal  profile,  spatial  profile,  transition  wave¬ 
length,  gain  cross  section,  and  the  variation  of  small  signal  gain  with  operating  parameters.  Compar¬ 
isons  of  the  temporal  and  spatial  behavior  of  the  96.9-nm  laser  emission  with  respect  to  resonance  line 
emission  from  ionic  Cs  are  also  presented. 
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Generation  of  high-peak-power  20-fs  pulses  from  a 
regenerativeiy  initiated,  self-mode-locked  Ti’.sapphire  laser 


B.  E.  Lemoff  and  C.  P.  J.  Barty 

Edward  L.  Cinzlon  Laboratory  Stanford  University  Stanford.  California  94305 


Received  )une  15.  1992 

We  report  the  generation  and  measurement  of  804-nm  pulses  with  durations  as  short  as  20  fs  and  with 
peak  powers  as  high  as  500  kW  from  a  regenerativeiy  initiated,  self-mode-locked  Tiisapphire  laser.  Pulse 
duration  is  shown  to  decrease,  and  spectral  content  to  increase,  as  intracavity  power  is  increased.  Control 
of  intracavity  focusing  and  a  high-modulation-depth,  acousto-optic  modulator  allow  the  intracavity  power  to 
be  maxunized.  Cavity  cubic  phase  error  is  minimued  by  correct  design  and  placement  of  a  group-velocity- 
dispersion-compensating  pnsm  pair. 
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116  nm  H;  Laser  Pumped  by  a  Traveling-Wave  Photoioniution  Electron 

Source 

S.  J.Benerote.  Guans-Yu  Yin  and  S.  E.  Hams 
Edwara  L.  Ginzton  Laboratory 
Stanford  University 
Stanford.  CA  94305  USA 

We  discuss  the  use  ot  a  photoKMiiiauon  election  source  tPESl  to  pump  a  1 16  nm  laser  tn  the 
Wetner  band  (CTI^  ->  of  molecular  hvdiogen.  The  laser  ts  pumped  by  free  electrons  which 
are  created  by  photoioniunc  molecular  hydrocen  with  soft  x-rays  from  a  traveling-wave  laser 
plaima.  The  pumping  contiguiauon  presented  has  allowed  2  Hr  openuion  and  saturation  ot  the 
1 16  nm  Werner  band  laser.  Using  PES  pumpmg  we  have  measured  a  small  signal  gam  coetOcient 
of  1.6  cm'^.  an  improvement  ot  more  man  a  lacior  of  10  over  prevKMSly  rcponed  e-beam  and 
discharge  pumped  results.  We  also  report  results  showing  that  the  small  signal  gam  coetfictem 
can  be  increased  bv  coolins  the  laser  medium,  theiebv  reducmg  me  Doppler  width  of  the  laser 
transition.  We  show  mat  even  inouan  the  tree  electrons  have  an  average  temperature  of  - 10  eV. 
the  lasins  hydroten  molecules  retain  an  ambient  temperature  of  <  0.02  eV.  We  measure  an 
extrapofaied  small  signal  gain  oi  expi4i).  wim  a  1064  nm  pump  energy  of  S80  nvi  in  200  psec. 
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ULTRASHORT  HIGH  ffiAK  POWER  LASERS  AND  GENERATION  OF  HARD  INCOHERENT  X-RAYS 


C.  P.  J.  Baity.  C.  L.  Gordon  m.  J.  D.  Kmetec,  B.  E.  Lemoff  and  S.  E.  Harris 

Edward  L.  Ginzton  Laboratory 
Stanford  University 
Stanfoid,  California  9430S 


Abstract 

The  design,  consiiuctim,  and  use  of  high  peak  powCT  infrared  laser  pulses  for  the  generation  of  diagnostic  (20  keV  to 
ISO  keV)  x-rays  are  discussed.  A  review  of  leceiu  laser-plasma  generation  of  diagnostic  x-rays  is  presented.  The  advantages  of 
such  sources  include  sidipicasecood  pulse  duiatioo  and  extremely  small  source  size.  Because  of  their  short  duration,  it  should  be 
possible  to  form  tune-gased  medical  images  with  up  to  eight  tunes  less  x-ray  flux  than  with  conventional  x-ray  sources.  Details 
of  a  next  geoeiatiaa  laser  driver  are  also  presented.  Generatioa  of  20-fs  pulWs  from  a  legeneiatively  initiated,  self-mode-lodced 
Tusapphiie  laser  is  described.  Techniques  for  amplification  of  these  pulses  to  peak  powers  of  STW  are  presented. 


Generation,  measurement,  and  amplification  of  20-fs  high-peak-power  pulses  from  a  regeneratively 

initiated  self-mode-locked  Ti:sapphire  laser 

C.  P.  J.  Barty,  B.  E.  Lemoff  and  C.  L.  Gordon  HI 
Edward  L.  Ginzton  Laboratory,  Stanford  University,  Stanford,  California  94305 

ABSTRACT 

We  report  the  generation  and  measurement  of  804  nm  pulses  with  durations  as  short  as  20  fs  and 
with  peak  powers  as  high  as  500  kW  fiiom  a  regeneratively  initiated,  seif-mode-locked  Titsapphire  laser. 
Pulse  duration  is  shown  to  decrease,  and  spectral  content  to  increase,  as  intracavity  power  is  increased. 
Control  of  intracavity  focusing  and  a  high-modulation-depth,  acousto-optic  modulator  allow  the  intracavity 
power  to  be  maximized.  Cavity  cubic  phase  error  is  minimized  by  correct  design  and  placement  of  a  GDD 
compensating  prism  pair.  Methods  for  accurate  determination  of  the  pulse  duration  without  assumption  of 
pulse  shape  are  discussed.  Interferometric  autocorrelation  is  accomplished  with  an  interferometer  which 
intrinsically  balances  dispersion  and  loss  in  each  arm.  Techniques  for  eliminating  pulse  distortions  during 
amplification  are  also  presented. 
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Design  of  a  Quuitic-Phase>linuted  Amplification  S3r5tem  for 
Production  of  Multi-Terairatt  20-fs,  800-nm  Pulses 


B.  £.  Lemoff,  C.  L.  Gordco  m,  and  C.  P.  J.  Bart/ 

Edward  L  Cimton  Laboratory,  Star^brd  llrdversiiy,  Stanford,  California  94305 


Abstract 

Design  of  a  multi-terawaa  amplification  system  based 
on  reflective  optics  and  capable  of  supporting  sub-20  fs 
pulses  is  presented.  Tests  of  a  quintic-phase-limited 
expansion  and  compression  system,  which  is  key  to  this 
design,  are  also  discussed. 
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Cubic-phase-free  dispersion  compensation  in 
solid-state  ultrashort-pulse  lasers 

B.  E.  LemofF  and  C.  P.  J.  Barty 

Edward  L  Ginzton  Laboratory.  Stanford  University,  Stanford.  California  94305 
Received  August  31.  1992 

We  show  that  intracavity  group-velocity  dispersion  compensation  with  the  use  of  prisms  composed  of  conven¬ 
tional  optical  materials  can  be  accomplished  while  simultaneously  eliminating  the  round-trip  cavity  cubic  phase. 
The  ability  to  compensate  perfectly  both  second-  and  third-order  dispersion  exists  for  pulses  whose  central 
wavelengths  lie  within  a  range  that  depends  on  the  prism  and  laser  rod  materials  as  well  as  on  the  prism  angles. 
In  the  case  of  Tusapphire  and  CrtLiSrAlFg  lasers.  Brewster  prisms  composed  of  readily  available  materials  can 
be  used  to  compensate  for  both  group-velocity  dispersion  and  cubic  phase  over  much  of  the  respective  tuning 
ranges. 
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VOLUME  70,  Number  6  PHYSICAL  REVIEW  LETTERS  8  FEBRUARY  1993 

High-Order  Harmonic  Generation  Using  intense  Femtosecond  Pubes 

J.  J.  Macklin.  J.  D.  Kmetec,  and  C.  L.  Gordon  ill 
Edward  L  Gimton  Laboratory.  Stanford  Unicersity.  Stanford.  California  94305 
(Received  21  September  1992) 

Neon  gas  excited  by  800-nm  laser  pulses  (IS  mJ.  125  fsec)  at  an  intensity  near  10'^  W/cm^  generates 
harmonics  up  to  the  109th  order.  The  appearance  of  successively  higher  harmonics  as  the  laser  intensity 
is  increased  is  compared  to  recent  calculations  of  the  strong-held  atomic  response.  Bluesbifting  of  the 
laser  and  harmonic  wavelengths  indicates  a  small  degree  of  ionization  until  the  threshold  for  the  highest 
harmonics  ( >  91st)  is  reached. 
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Electromagneticaily  Induced  Transparency  with  Matched  Pulses 

S.  E.  Harris 

Edward  L  Ginzion  Laboraiorv.  Stanford  Universitv.  Stanford.  California  94505 
(Received  20  August  (992) 

We  show  that  electromagneticaily  induced  transparency  in  a  dense  media  is  not  a  Beer's  law  superpo¬ 
sition  ol  the  single  atom  response.  When  an  arbitrarily  shaped  pulse  is  applied  to  an  ensemble  of 
population-trapped  atoms,  the  atoms  will  generate  a  matching  pulse  shape  on  the  complementary  transi¬ 
tion  and.  after  a  characteristic  distance,  render  themselves  transparent. 
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Optics  Commumoiuons  100  ( 1993)  487-490 
Nonh-HolUmd 


Optics 

Communications 


Atomic  scale  temporal  structure  inherent  to  high-order  harmonic 
generation 

S.E.  Harris  and  J.J  Macklin 

Edward  L.  Ginzton  Laboratory.  Stanford  Univerztty.  Stanford,  CA  94305.  USA 


and 

T.W.  Hansch 

Max-Planck  Iratitta  fiir  Quantenopttk.  W-8046  Garching,  Germany 
Received  20  January  1993 

Using  intense  lasen.  several  laboratories  have  generated  high-order  harmonic  spectra  which  are  flat  over  20  eV.  If  the  harmonics 
are  appropriately  phased,  this  bandwidth  corresponds  to  temporal  pulses  on  the  order  of  ~  S  x  10~  s,  and  thereby  motivates  a 
search  for  a  new  regime  of  short-pulse  generation. 


PHYSICAL  REVIEW  A 


VOLUME  48.  NUMBER  3 


SEPTEMBER  1993 


Spontaneous  emission  into  an  electronuRneticaiiy  induced  transparency 

J.  £.  Field  and  A.  imamoglu 

Edward  L.  Ginzton  Laboratorv.  Sianiord  Uniuenitv.  Stanford.  California  94305 
(Received  22  August  1991;  revised  manuscnpt  received  IS  June  1992) 

We  invesugate  spontaneous  emission  into  an  electromagneticaiiy  proouced  transparency  of  the  lorni 
recently  proposed  l  A.  Imamoglu  and  S.  E.  Harns.  Opt.  Leu.  14.  1344  (19891!.  We  show  that  the  achiev¬ 
able  radiation  temperature  (or  bnghtnessi  at  the  transparencv  is  much  greater  than  the  atomic  tempera¬ 
ture. 
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Quintic-phase-iimited,  spatially  uniform  expansion  and 
recompression  of  ultrashort  optical  pulses 

B.  E.  Lemoff  and  C.  P.  J.  Barty 

Edward  L.  Cinzton  Laboratory,  Stanford  University.  Stanford.  California  94305 
Received  April  15.  1993 

gn  of  an  expansion  and  recompresaion  system  for  amplification  of  sub-20-fs  optical  pulses  to  multiterawatt 
^  powers  is  presented.  The  system  allows  one  to  eliminate  spatial  inhomogeneitiea  cubic  quartic 
isse  errors  that  make  exisciag  designs  unsuitable  for  use  with  pulses  much  shorter  than  100  fs.  We 
iperimentally  demonstrate  >10,000  times  expansion  and  recompression  of  ~25-fs  optical  pulses. 
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Invited  Paper 


Multitcrawatt  Amplification  of  Ultrabroadband  Optical  Pulses:  Breaking  the  100  fs  Limit 

C.  P.  J.  Bany,  B.  E.  Lemoff.  C.  L.  Gordon  III  and  P.T.  Epp 

Edward  L.  Ginzton  Laboratory,  Stanford  University 
Stanford,  California  94305 

ABSTRACT 

A  first  of  its  kind,  multiterawatt,  ultrashon  pulse  laser  system  is  described.  The  system  is  capable 
of  producing  125'niJ,  35-fs,  800-nm  pulses  with  near  diffraction  limited  beam  quality  at  a  10  Hz  repetition 
rate.  Methods  for  control  of  phase  and  amplitude  distortion  during  sub-lOO-fs  amplification  are  presented. 
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Femtosecond-pulse-driven,  electron-excited  XUV 
lasers  in  eight-times-ionized  noble  gases 

B.  E.  Lemoff.  C.  P.  ).  Baity,  and  S.  E.  Harris 

Edwatxi  L.  Cinztan  Laboratory.  Stanford  University.  Stanford.  California  94305 


Received  November  22.  1993 

We  propose  three  XUV  laser  schemes  in  the  30-S0-nm  wavelength  region  that  can  be  driven  by  10-Hz  ultrashort- 
pulse  terawatt  laser  systems.  Tunneling  ionization  by  circularly  polarized  radiation  produces  both  the  ions  and 
hot  electrons  necessary  to  excite  the  upper  laser  level. 
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ULTRASHORT  PULSE  TERAWATT  LASERS  FOR  THE  GENERATION  OF  COHERENT  AND  INCOHERENT 


X-RAY  SOURCES 

C.  P.  J.  Barty,  C.  L.  Gordon  III,  B.  E.  Lcmoff.  P.  T.  Epp  and  S.  E.  Harris 

Edward  L.  Ginzion  Laboratory 
Stanford  University 
Stanford.  California  9430S 


Ab&iraa 

The  construction  of  a  new  class  of  terawatt  laser  systems  which  operate  with  pulse 
durations  of  ~30  fs  is  described.  Planned  experiments  with  this  system  to  generate  sub-pi¬ 
cosecond  diagnostic  x-rays  and  to  generate  coherent  sources  in  the  10  nm  to  100  nm  range 
are  discussed. 
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Demonstration  of  a  10>Hz,  femtosecond^pulse-driven  XUV  laser  at 

41.8  nm  in  Xe  IX 

B.  E.  Lemoff,  G.  Y.  Yin,  C.  L.  Gordon,  in,  C.  P.  J.  Barty,  and  S.  E.  Harris 
Edward  L.  Ginzton  Laboratory,  Stanford  University,  Stanford,  California  94305 
Phone  415-725-2258  Fax  415-725-4115 


ABSTRACT 

We  report  the  observation  of  a  gain  of  approximately  exp(  1 1)  at  41 .8  nm  in  eight- 
times-ionized  xenon.  This  XUV  laser  is  driven  by  a  10-Hz,  70-niJ  circularly-polarized 
femtosecond  laser  pulse.  The  laser  is  focused  into  Xe  at  pressures  ranging  from  5  to  12 
torr.  The  laser  is  collisionaily  excited,  vi^ith  both  the  ions  and  electrons  produced  by  field- 
induced  tunneling. 
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